In this paper, class DE inverter with second order constant K band-pass filter is proposed. In the proposed inverter, the band-pass filter is used instead of the resonant filter in class DE inverter presented at the previous papers. By using band-pass filter, two important results can be gotten. One is the sensitivity of the output voltage to the operating frequency is suppressed by using band-pass filter. The other is that zero voltage switching operation appears when the operating frequency is lower than the nominal frequency. Moreover, it keeps the advantage of class DE inverter with resonant filter, that is, high power conversion efficiency under high frequency operation because of class E switching. The laboratory experiments achieve 90.4% power conversion efficiency under 1.98 W output power and 1.0 MHz operation.
Introduction
Class DE inverter [1] - [15] achieves high power conversion efficiency under a high frequency operation because of class E switching [16] - [20] . Class E switching means that both the switching voltage and the slope of switching voltage are zero when each switch turns on. It is expected that class DE inverter is useful in applications such as AM and PWM transmitters for medical applications [12] , electronic ballasts [13] and so on because of high efficiency and high frequency operation.
All class DE inverters presented in the previous papers includes a resonant filter to acquire sinusoidal output. Therefore, the output voltage is quite sensitive to operating frequency. Moreover, class E switching conditions are strict, so not only the class E switching conditions but also zero voltage switching (ZVS) cannot be achieved against the variations of operating frequency [3] , [5] . It is recognized that the high sensitivity of the output power and the non-ZVS operation to the variations of the operating frequency are important problems for class DE inverter.
The resonant filter is designed to achieve class E switching conditions at a specified operating frequency. The output characteristic of the resonant filter varies rapidly around a specified operating frequency. It is supposed that the sensitivity is caused by this characteristics of resonant filter. The filter of class DE inverter works to acquire pure sinusoidal output. Therefore, it is allowed that the other types of filters which cut higher harmonics and direct component is applied to class DE inverter. This paper presents design procedure and experimental results of class DE inverter with second order constant K band-pass filter. In the proposed inverter, the band-pass filter is used instead of the resonant filter in class DE inverter presented at the previous papers. By using band-pass filter, two important results can be gotten. One is the sensitivity of the output voltage to the operating frequency is suppressed by using band-pass filter. The other is that ZVS operation appears when the operating frequency is lower than the nominal frequency. These results shows our proposal is one of the solution for the above problems. Moreover, it keeps the advantage of class DE inverter with resonant filter, that is, high power conversion efficiency under high frequency operation since the proposed circuit is also satisfied with class E switching conditions. By carrying out circuit experiments, we show that the experimental results agree with numerical ones quantitatively. The laboratory experiments achieve 90.4% power conversion efficiency under 1.98 W output power and 1.0 MHz operation. Figure 1 shows a circuit topology of a Class DE inverter with a resonant filter [1] - [15] . Class DE inverter is composed Fig. 2 when the switch on duty ratio of each switch is 0.25. The switch on duty ratio of class DE inverter can be specified to any values from zero to 0.5. This is because both of switches are on state simultaneously for more than 0.5 of the switch on duty ratio. This situation causes short circuit in the inverter and makes the circuit broken. The switches are driven by a driving pattern of D r1 and D r2 in Fig. 2 , which drive S 1 and S 2 , respectively. The driving pattern generates a dead time that the period when one switch has turned off before the other switch has turned on. During the dead time, the output current i 0 charges one shunt capacitor and discharges the other shunt capacitor, the midpoint voltage between two switches, v S 1 becomes V cc or zero at the end of the dead time, allowing class E switching conditions [16] . Because of class E switching, class DE inverter can achieve high power conversion efficiency under high frequency operation. As shown in Fig. 2 , the maximum voltages across the switches are equals to the input voltage V cc . This is an advantage of class D type of inverter compared with class E inverter. Class DE inverter has the both advantages of class D inverter and class E inverter, namely, high power conversion efficiency under high-frequency operation because of class E switching and low switch-voltage stress.
Circuit Description

Class DE Inverter with Resonant Filter
Class DE inverter is applied to dc/ac inverter part of dc/dc converter [14] , [15] . In [13] , class DE inverter is operated for the operating frequency f = 5.0 MHz and the output power P o = 1.0 W. This result shows that class DE inverter can be applied to RF power source for induction heating. Further, output voltage of the inverter v o maintains linear characteristic as a function of the input voltage V cc . Hence, class DE inverter is applicable to AM or PWM transmitter for medical applications [12] .
Sensitivity to the Operating Frequency
The output voltage of class DE inverter is quite sensitive to the variations of operating frequency. In [3] and [5] , it was clarified that the output voltage changes from 68% to 160% of output voltage for the nominal state by ± 5% variations of operating frequency. Here, in this paper, we define "nominal state" as the operating state where class E switching conditions are satisfied as shown in Fig. 2 . Moreover, class DE inverter cannot achieve not only class E switching conditions but also zero voltage switching (ZVS) against the variations of operating frequency since class E switching conditions are very strict [5] . High sensitivity of the output voltage makes the frequency control of the output power be difficult. Non-ZVS operation causes not only the degeneration of power conversion efficiency and but EMI problems. Therefore, the high sensitivities to the operating frequency are one of the important problems for class DE inverter. In the previous papers in [1] - [15] , class DE inverter uses the resonant filter since the pure sinusoidal output can be acquired. Generally, class DE amplifier uses the little higher frequency than the resonant frequency as nominal operating frequency for achievement of class E switching conditions. Therefore, the output characteristic of resonant filter varies rapidly around nominal operating frequency. It is supposed that the sensitivities to the operating frequency are caused by the characteristics of the resonant filter.
It is required for the output filter of class DE inverter that it cuts higher harmonics than the operating frequency and the direct component. Therefore, The other types of filter which is satisfied with the above conditions are allowed. It is expected that the sensitivity to the operating frequency is relaxed if the output characteristic of the filter as a function of frequency is flat around the nominal operating frequency compared with the resonant filter. In this paper, we propose that a second order constant K band-pass filter is used instead of a resonant filter. Figure 3 shows circuit topology of the proposed inverter. In the proposed inverter, band-pass filter Fig. 1 . The band-pass filter passes frequencies with a certain bandwidth. If we set the bandwidth to cut the higher harmonics and direct component, the sinusoidal output voltage can be acquired.
Proposed Inverter
The fundamental operations of the proposed inverter is same as class DE inverter with resonant filter, namely, class E switching is applied to the proposed inverter. Because of class E switching and class D topology, the proposed inverter keeps the advantages of class DE inverter with resonant filter, namely, high power conversion efficiency under high frequency operation and low switch-voltage stress. Moreover, it is expected that the problems of sensitivities to the operating frequency are improved since the output characteristics as a function of frequency is flat compared with resonant filter by using band-pass filter.
Circuit Design
The proposed circuit has six memory elements as shown in Fig. 3 . This means that the proposed circuit expresses high dimensional circuit equations. Therefore, it is difficult to derive the analytical expressions of the waveform equations of the proposed converter. As a result, it is impossible to derive the element values which satisfy class E switching conditions analytically.
On the other hand, the design procedure for class E inverter proposed in [18] can derive the element values numerically. Because of numerical design, it is possible to derive the element values which achieve class E switching regardless of dimensions of circuit equations. Therefore, in this paper, the design procedure in [18] is applied to the design of the proposed inverter.
Assumptions
In order to construct circuit equations of the proposed inverter, we give the following assumptions.
i. The switching devices, namely MOSFETs including anti-parallel diode have zero switching times, large off resistance enough to neglect the current through the switches, and nonzero on resistance. The onresistances of the MOSFETs and the anti-parallel diodes are stated as r S and r D , respectively. In this paper, we use the identical MOSFETs for the two switches. ii. Shunt capacitance of each switching device, namely C S 1 and C S 2 include device capacitance, namely, parasitic capacitance between drain and source of MOS-FET. iii. In this paper, the second order constant K filter is used as a band-pass filter. The constant K filter has the following conditions,
In (1) the parameters f c and f w mean the center frequency of band-pass filter and the bandwidth of the band-pass filter, respectively. iv. All passive elements including switch on resistors operate as linear elements.
Parameters
We define the following parameters of the circuit in order to express circuit equations.
• ω = 2π f : The operating angular frequency.
•
The admittance of shunt capacitor.
The ratio of bandwidth to center frequency of band-pass filter.
The ratio of operating frequency to center frequency of band-pass filter.
The impedance of a second order constant K filter.
The switch on duty ratio of each switch for 0 < D < 0.5.
Circuit Equations
Following above assumptions, the equivalent circuit of the proposed inverter is shown in Fig. 3(b) . We consider operations at 0 ≤ θ < 2π to design the proposed inverter, where θ = ωt represents the angular time. Using the parameters, the circuit equations are expressed as follows:
In (2), R S 1 and R S 2 are the equivalent resistance of MOSFETs S 1 and S 2 , respectively. When the switch voltage is negative, the anti-parallel diode included in the MOSFET turns on. Therefore, R S 1 and R S 2 are given as follows. (2) can be written as
where
Conditions for the Design
We assume (5) has a solution x(θ) = ϕ(θ, x 0 , λ) = [ϕ 1 , ϕ 2 ,..., ϕ 5 ] T defined on −∞ < θ < ∞ with every initial condition x 0 and every λ : x(0) = ϕ(0, x 0 , λ).
If the proposed inverter is in the steady state, the equation:
is given. Therefore,
is given as the boundary conditions between θ = 0 and θ = 2π.
In order to design the proposed inverter, we have to consider the conditions for class E switching. The class E switching mean that both the voltage and the slope of the voltage of the switch are zero when each switches S 1 and S 2 turns on. Therefore, the equations
and,
are given. If (8) and (9) are valid, (10) and (11) are also valid simultaneously because of symmetry of the waveform. Therefore, we use only (8) and (9) for class E switching conditions. In these equations, we have 7 algebraic equations and 5 unknown initial values, namely,
T ∈ R 5 . Therefore, 2 parameters can be set as the design parameters from 10 parameters. In this paper, we set X and β as unknown parameters. And the other parameters are given as the design specifications. The procedure for the derivations of the design parameters is the same as in [18] . By using this procedure, the design values, that is, X and β are determined.
Discussion of the Results
In this section, the example of design curves are denoted. At first, the design specifications are given as follows: f = Figures 4 shows the design curves of X and β, output power P out , and power conversion efficiency η as a function of the impedance of band-pass filter Z for α = 0.5, 0.7 and 0.9. In this figure, the output power P out and the power conversion efficiency η are given as
where, P in expresses the input power. In (12) and (13), the output voltage V o and the input current I in are given as
In this paper, we adapted the trapezoidal method to calculate a integral. From Fig. 4(a) , X increases rapidly as decreasing Z when the impedance of the filter Z is smaller than 2.0. This means that C S become large with the decrease of Z. Figure 4(b) shows the center frequency f c becomes higher as the impedance of Z increases. Moreover, β increases with the decrease of α. This result shows that the wide bandwidth is needed in case of high α. Therefore, α should be low since the band pass filter with wide bandwidth passes the higher harmonics. It is found that the output voltage increases with the increase of the impedance Z from Fig. 4(c) . Moreover, the output voltage is almost constant regardless of α, especially, low Z region. Finally, Fig. 4(d) shows that the power conversion efficiency η becomes high as the increase of Z or α. In the circuit model in this paper, the power losses are generated only switch on resistors. Namely, it is found that the current through the switches increases by the decrease of Z or α from Fig. 4(d) .
Experimental Results
This section shows example waveforms of the proposed inverter. In this paper, two circuit experiments are carried out.
At the first experiment, the design specifications are; the operating frequency f = From these parameters, the design elements are determined as shown in Table 1 . Figure 5 (a) shows the experimental waveforms and the calculated ones at the nominal state. From Fig. 5(a) , it can be confirmed that the experimental waveforms are satis-fied with class E switching conditions, namely zero voltage and zero slope of voltage switching at turn on instant can be achieved. Moreover, the sinusoidal output voltage is achieved since band-pass filter cuts the higher harmonics and direct component. In this nominal state, 90.4% power conversion efficiency under 1.98 W output power. From Fig. 5(a) and Table 1 , it is found that the experimental results agree with the calculated ones quantitatively, which means that the validity of the design procedure in Sect. 3.
The operating frequency is changed from the nominal state. Figure 5 shows the experimental waveforms and the calculated ones under the frequency variations. From these figure, it is found that switching conditions are changed by frequency variations. In case of f = 1.0 MHz, class E switching is confirmed as shown in Fig. 5(a) . When the operating frequency is lower than the nominal frequency, namely f < 1.0 MHz, class E switching is never achieved but zero voltage switching (ZVS) can be done as shown in Fig. 5(b) . This result is one of the most important results in this paper. Class DE inverter with resonant filter never achieves class E switching outside the nominal state [5] . The ZVS in Fig. 5(b) is a novel operation for class DE inverter. We would like to emphasis this result is accrued by changing the output filter from a resonant filter to a band-pass filter. It is expected the proposed inverter is applicable to wider fields compared with class DE inverter with resonant filter by using ZVS region effectively. When the operating frequency is higher than the nominal frequency, namely f > 1.0 MHz, neither class E switching nor ZVS are achieved as shown in Fig. 5(c) .
Here, the physical reason for ZVS occurring is considered. Until now, there are several discussions about switching states of class E circuits with a resonant filter. It is well known that the ZVS occurs when load resistance is less than that of the nominal operation for fixed frequency operation [19] , [20] . It is expected that the load resistance of the proposed inverter decreases when operating frequency is lower than nominal frequency, and the decrease of load resistance is physical reason for ZVS occurring. That is because ZVS never occurs under the frequency variation on class DE Inverter with a resonant filter for fixed load resistance [5] . Therefore, the load resistances for the frequency variations are investigated.
In the case of the resonant filter, load resistance R L is constant, namely R L = R since the impedance of series resonant filter is expressed as
On the other hand, the load resistance of the band-pass filter in the proposed inverter can be derived after the parallel L − C − R networks is transformed to equivalent series resonant circuit depicted in Fig. 6 . The resulting equation is 
From (17), the load resistance R L of the band-pass filter is a function of the operating frequency ω. Figure 7 shows the load resistance as a function of the operating frequency for a resonant filter and a band-pass filter. From this figure, the load resistance for f < 1.0 MHz is less than that for nominal state. From these considerations, it can be explained the decrease of load resistance is a physical reason for ZVS occurring. Next, we investigate the affects of the output filter. For the comparison of characteristics, two more class DE inverter are prepared. One is class DE inverter with band-pass filter whose parameters are α = 0.9 and Z = 3.5, namely, f c = 1.14 MHz and band-width f w = 1.03 MHz. The other is that with resonant filter for Q = 10. Figure 8 shows the passage characteristics of each filter. In this paper, we pay attention to the region ±5% variations of the operating frequency. In this region, the band-pass filter for α = 0.7 and Z = 5.0 varies the output from 94% to 111% of that at the nominal frequency. The band-pass filter for α = 0.9 and Z = 3.5 varies it from 96% to 108%, that is flatter than that for α = 0.7 and Z = 5.0. The resonant filter changes it from Tables 1, 2 and 3. Figure 9 shows the characteristics of the output voltages as a function of the operating frequency. From Fig. 9 , the output voltage of class DE inverter with resonant filter is changed from 65.2% to 151% of the nominal output voltage. On the other hand, the output voltage of the inverter with band-pass filter for α = 0.7 and Z = 5.0 varies from 86.5% to 122%, and that with α = 0.9 and Z = 3.5 varies 89.9% to 117% of the nominal output voltage. Compared with Figs. 8 and 9 , it can be confirmed the same relations about flatness among three filters. These results shows the sensitivity of the output voltage is suppressed by selecting Fig. 9 The ratio of the output voltage to the nominal output voltage as a function of the operating frequency.
the output filter having flat response to the frequency. Moreover, the use of band-pass filter is effective to suppress the sensitivity problem of class DE inverter. From these experimental results, class DE inverter with band-pass filter has two major advantages compared with that with resonant filter. One is the sensitivity of the output voltage to the operating frequency is suppressed. The other is that ZVS operation appears when the operating frequency is lower than the nominal frequency.
Conclusion
This paper has been presented design procedure and experimental results of class DE inverter with second order constant K band-pass filter. By using band-pass filter, two important results can be gotten. One is the sensitivity of the output voltage to the operating frequency is suppressed by using band-pass filter. The other is that ZVS operation appears when the operating frequency is lower than the nominal frequency. Moreover, it keeps the advantage of class DE inverter with resonant filter, that is, high power conversion efficiency under high frequency operation and low voltage stress for the switching device. The laboratory ex-periments achieve 90.4% power conversion efficiency under 1.98 W output power and 1.0 MHz operation.
One of typical application of the proposed inverter is dc-ac inverter part of dc-dc converter. For example, resonant converters with LCLC filter appear in [21] and [22] . We recognize that it is possible to achieve class E switching by adding shunt capacitor to these converters and the presented design method can be applied to the design of them.
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